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Based on ab initio molecular dynamics simulations and density functional theory, we performed a
systematic theoretical study to elucidate the correlation between the H-bonded environment and X-
ray emission spectra of liquid water. The spectra generated from excited water molecules embedded
in an intact H-bonded environment yield broader spectral peaks and a larger spectral range than
the spectra generated from water molecules in a broken H-bonded environment. Such differences are
caused by the local electronic structures on the excited water molecules within the core-hole lifetime
that evolve differently through the rearrangement of neighboring water molecules in different H-bonded

environments.
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1 Introduction

The fundamental understanding of the structure of lig-
uid water has attracted active investigations using joint
experimental and theoretical techniques [1-4]. Although
the chemical composition of a water molecule is very sim-
ple, the structure of water in condensed liquid is very
complicated, particularly the nature of hydrogen bonds
(H-bonds) in liquid water, which is still under intense
debate [1, 5-27]. The long-standing controversy is par-
tially due to the weak H-bond, which is the key physical
interaction that determines the structure of liquid wa-
ter. Diffraction-based experimental techniques, includ-
ing neutron diffraction [6, 28-34] and X-ray diffraction
[6, 7, 34-39] measurements have been powerful tools for
detecting the H-bonded network. However, these diffrac-
tion measurements only provide averaged structural in-
formation, such as radial distribution functions [34], over
a large spatial and temporal scale, which cannot capture
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the frequent breaking and reforming of H-bonds caused
by thermal fluctuations within 1-2 ps [5, 40-47]. There-
fore, the local fluctuations of the H-bond network on the
femtosecond timescale cannot be sensitively detected by
diffraction measurements.

Oxygen K-edge X-ray spectroscopy techniques, includ-
ing X-ray absorption spectroscopy (XAS) [48-62] and
X-ray emission spectroscopy (XES) [8, 48, 61, 63—70] are
important to locally probe the H-bond network of lig-
uid water. In XAS, the core 1s electrons of oxygen are
excited to conduction bands. The excited electrons in
the conduction bands are then probed for only the se-
lected p-character orbitals. Three main features are ob-
served in the XAS spectra, i.e., pre-edge, main-edge, and
post-edge features. The electronic excitations of different
edges have distinct spatial localization properties and ex-
citation energies. Specifically, the pre-edge, main-edge,
and post-edge features with increasing excitation ener-
gies are sensitive to short-, intermediate-, and long-range
orderings of the H-bond network, respectively [71]. Com-
plementary to XAS, XES has recently emerged as an-
other useful local probe of the H-bond network. XES can
be roughly considered an inverse process of XAS. Unlike
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probing the unoccupied states in XAS, the electrons on
the occupied states from the excited water molecule re-
turn to the core-hole states and emit photons during the
X-ray emission process. Compared to the electronic pro-
cess of XAS, which is well approximated by a frozen core
hole, the core-hole-induced molecular dynamics around
the excited water must be considered in XES. This is
because the core hole has a relatively long lifetime of
~ 3.6 fs [65, 72-74], during which the rearrangement of
molecules and their effects on the electronic structure
cannot be neglected. Therefore, the core-hole dynam-
ics in XES provides a unique and insightful analysis of
the structure of the H-bond network, which is absent in
XAS.

Given the molecular structure of liquid water and the
core-hole dynamics modeled by ab initio molecular dy-
namics (AIMD) simulations [75], the XES scattering
cross section can be computed by the transition matrices
of the occupied defect states and the 1s core-hole state
[65] according to the Fermi golden rule, which is based
on the dipole approximation. Along this line, three elec-
tronic states, 161, 1b2, and 3a;, with oxygen 2p character
are assigned to the XES spectra based on the selection
rule. Compared to the XES spectra of gaseous water
with three sharp peaks, the XES spectra of liquid wa-
ter have broader 1by and 3a; peaks with relatively nar-
rower lone pair peaks. The spectral difference for gaseous
and liquid water has been theoretically predicted [63—
65, 67, 69, 75, 76]. The computed spectra were in qual-
itative agreement with the experiment [8, 48, 61, 64—
66, 68—70, 77], indicating the importance of the H-bond
network in understanding the XES. Despite significant
progress in the field, the influence of fluctuations of the
H-bond network in liquid water on the spectra has been
much less investigated and discussed.

To address the above issue, we performed a systematic
investigation on the electronic structure to study how the
H-bonded environment affects the XES spectra through
core-hole dynamics. In particular, the XES spectra were
decomposed according to different H-bonded environ-
ments in liquid water. For excited water molecules em-
bedded in an intact H-bonded environment, we found
that the spectra are strongly affected by rapid core-hole
dynamics, as evidenced by elongation of the O-H co-
valent bond. The elongation of the O-H covalent bond
delocalizes the defect-like states, leading to an increase in
the corresponding energy levels and broad spectra. For
excited water molecules embedded in a broken H-bonded
environment, the core-hole dynamics can be essentially
neglected for a time scale that is comparable to the core-
hole lifetime. The O—H covalent bond of the excited wa-
ter is slightly elongated during the core-hole dynamics,
and the changes of its electronic structure can also be
neglected. Therefore, the resulting spectral peaks are
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relatively narrow and sharp. Our calculations and anal-
ysis elucidated the relation between the observed XES
spectra of liquid water and its underlying H-bond net-
work.

2 Methods

The water simulations were performed using density
functional theory [78, 79]. All simulations were per-
formed in the Quantum ESPRESSO [80] package using
the Perdew—Burke-Ernzerhof [79] functional and a 72-
Ry kinetic-energy cutoff for the plane-wave expansion of
the Kohn—Sham wave functions. The ion-electron inter-
actions of deuterium and oxygen atoms were represented
by norm-conserving pseudopotentials (NCPP) [81-83].
The NCPP of the oxygen atom with a 1s core hole was
generated by an oxygen atom with a fully relaxed 1s
core hole as a reference state. A water system with
64 HoO molecules was adopted in a cubic cell of size
L = 124 A with periodic boundary conditions. Note
that for gaseous water, we used the same cell size con-
taining one water molecule.

We performed AIMD simulations [14] at 330 K using
a constant-temperature, constant-volume ensemble. An
extra 30 K was applied to mimic the nuclear quantum ef-
fect [84]. We utilized the Nosé-Hoover chain thermostats
[85-87] with a chain length of four to control the temper-
ature. The equation of motion in our AIMD simulations
was integrated using the standard Verlet algorithm with
a time step of 0.1 fs. We used a fictitious mass of 300
a.u. for the electrons. The trajectory was run for 27 ps.
The masses for oxygen and hydrogen were 15.9994 and
2.01355 amu, respectively.

We also examined the core-hole dynamics by utiliz-
ing the AIMD method. A snapshot of liquid water was
chosen from the AIMD simulations as the starting ge-
ometry for the core-hole dynamics simulation. Specifi-
cally, we first substituted one oxygen atom with an ex-
cited oxygen atom before the core-hole dynamics and
computed the ground state of this geometry. We then
performed a core-hole dynamics simulation with the pre-
calculated ground state and the velocities chosen from
the selected snapshot. Note that the same procedures
were repeated for all 64 water molecules using one excited
water molecule each time. For each AIMD trajectory, a
short timescale of 10 fs was used with a time step of 0.5
fs. Using Chandler’s H-bond definition [88], we found
one water molecule with zero donating H-bonds (0D),
ten water molecules with one donating H-bond (1D), and
the remaining 53 water molecules with two donating H-
bonds (2D) in the selected snapshot. The percentage of
broken H-bonds was 9.375%.

The theoretical XES spectra were computed based on
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the core-hole dynamics trajectories. We calculated the
XES spectra of water for each configuration at differ-
ent time steps by computing the cross section based on
Fermi’s golden rule within the electric dipole approxima-
tion:

o(w) = 4nag Z hw| Mg %o (w — wiy),

where «q is the fine structure constant and hw is the
emitted photon energy that matches the energy differ-
ence fuw;y = |E; — Ey| between the initial and final
states. [; and Ey are the eigenvalues of the initial and
final states, respectively. M;; is the transition matrix
element between the initial and final states, where we
take the O 1s atomic orbital as the initial state, |i), and
the occupied orbitals as the final state, |f). Only elec-
trons in orbitals with p-character can fill the core hole of
the O 1s orbital because of the selection rule; therefore,
only the bonding orbitals (163 and 3a;) and the non-
bonding orbital (lone-pair) 1b; can be recorded by XES.
The calculated discretized spectra were convoluted with
a Gaussian function (0.4 eV) and weighted according to
an exponential decay mechanism. An exponential aver-
aging of the XES spectra along the core-hole dynamics
trajectory with a lifetime of 3.6 fs was applied.

3 Results and discussion

We present the computed XES spectra of the gas and
liquid phases of water in Figs. 1(a) and (b), respectively.
We adopt the convention to align the first peak of the
theoretical spectra at the same position as that of the ex-
perimental value (520.9 eV). The theoretical XES spectra
qualitatively agree with the experimental measurements
[8, 77]. In particular, the XES spectrum of water va-
por can be identified by three distinct peaks centered

at 520.9, 523.7, and 525.1 eV with the overall spectrum
spanning approximately 7 eV. The three features can be
explicitly assigned to three occupied electronic orbitals
with 1bg, 3a1, and 1b; characters, respectively, as a func-
tion of increasing energy. The XES spectrum of liquid
water also has three major features with the same or-
bital characteristics as those of gaseous water. However,
the XES spectrum of liquid water contains broader fea-
tures than those of gaseous water and exhibits an overall
broader distribution spanning approximately 11 eV. In
particular, the peaks associated with 1bs and 3a; charac-
teristics in liquid water are broader than gaseous water.
Importantly, the liquid water molecules are embedded
in an H-bond network, which is completely absent in the
vapor phase. Therefore, the spectral differences between
vapor and liquid water suggest that the local electronic
states with 1bs, 3a1, and 1b; characters are nontrivially
affected by the fluctuating H-bond interactions of liquid
water during the core-hole lifetime.

The rearrangement of the local H-bonded structure
around the excited water molecules through core-hole
dynamics needs to be considered in the XES process
because the time scale of XES is several femtoseconds.
To capture the changes of the electronic structures dur-
ing the core-hole dynamics, we compared the density of
states (DOS) of an excited water molecule at ¢ = 0 and
3 fs (a time scale that is close to the estimated lifetime
of a core-hole of 3.6 fs [65, 72-74]). Figures 2(a) and (b)
display the DOS results for both gaseous and liquid wa-
ter, respectively, with a focus on only the excited water
molecule. We find that the energy levels at ¢ = 0 and 3 fs
are almost unchanged, indicating that the orbitals asso-
ciated with the three occupied electron levels are almost
intact. This is consistent with the observed sharp peaks
of the XES from gaseous water in Fig. 1(a). In contrast,
the three defect-like states in liquid water are localized on
the excited water molecule because of the attractive po-
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Fig. 1 General features of the computed XES spectra of gaseous water (a) and liquid water (b). Both spectra exhibit
three peaks corresponding to three occupied molecular orbitals: 1b2, 3a1, and 1b1. The 1b2 and 3a; orbitals are bonding
orbitals related to O—H bonds, while the 1b; orbital is a non-bonding orbital associated with the lone-pair electrons of oxygen.
The peaks of gaseous water are sharper than liquid water because of the H-bonds in liquid water.
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Fig. 2 Computed density of states (DOS) of gaseous water (a) and liquid water (b) at different times in the core-hole
dynamics. The DOS of an excited water molecule in the gas phase exhibits three distinct peaks centered at —14.3, —11.4,
and —9.6 eV at time t = 0 fs and —14.4, —11.2, and —9.5 eV at ¢t = 3 fs. The three peaks are assigned with 1b2, 3a1,
and 1b; characteristics, respectively. No significant change is observed in the DOS of gaseous water at different times in
the core-hole dynamics. In contrast, the DOS of liquid water with one excited water molecule exhibits three large peaks
(shadowed) and three small peaks (shown with three downward arrows, representing the DOS of 1b2, 3a1, and 1b; of the
excited water molecule, respectively), as depicted in the inset of (b). The three large peaks represent the DOS of 63 ordinary
water molecules in the background, while the small peaks correspond to the DOS of the excited water molecule. The DOS
associated with the excited water molecule is illustrated in the main figure of (b). The positions of the small peaks at t =0

fs undergo a dramatic shift at ¢ = 3 fs, indicating strong influences of the H-bonds on the DOS.

tential from the positive core hole. The inset of Fig. 2(b)
displays the total DOS of the liquid water, in which the
three small peaks are the defect-like states originating
from the excited water molecules in the liquid phase,
and the three large peaks occupy the p states from the
remaining 63 non-excited water molecules in the system.
We find that the three small peaks are located below
the oxygen 2p bands of DOS and are contributed by the
remaining 63 non-excited water molecules. The energy
of the DOS for the defect-like states of an excited water
molecule in liquid water dramatically changes during the
core-hole dynamics, resulting in a broader distribution
than that in the gas phase. Furthermore, the energy lev-
els of the excited molecule in liquid water also undergo a
blue shift by the observed increased excitation energies
as a function of time. As a result, the excited energy
levels in liquid water are closer to the electronic states
of liquid water, i.e., the three large peaks of the over-
all DOS. This suggests that the H-bonded network has
a dramatic effect on the defect-like states and the elec-
tronic orbitals localized on the excited water molecules
in the condensed liquid phase.

The effect of the core-hole dynamics can be further il-
lustrated by the O—H covalent bond length of the excited
water molecules as a function of time. For an individ-
ual water molecule in the H-bond network in the liquid
phase, the H-bond network is under constant thermal
fluctuation. Therefore, we list two cases for O-H cova-
lent bond lengths in liquid water and compare them to
the O—H covalent bond length of water in the gas phase.

138204-4

In the first case, a water molecule is embedded in a per-
fectly H-bonded local structure of liquid water defined by
accepting two and donating two H-bonds; in the second
case, a water molecule is in a broken H-bonded envi-
ronment. Only the donated H-bonds are crucial for the
core-hole dynamics; therefore, the perfect and broken
H-bonds considered in this study reflect the H-bonded
environment of the donated H-bonds. We note that a
gaseous water molecule is isolated in the absence of H-
bond interactions. Figure 3 shows that the O—H bonds
in a perfect H-bonded network undergo a much more
prominent elongation than those in a broken H-bonded
environment. Specifically, the average O—H bond length
in a perfect H-bond network is elongated from 1.00 A to
approximately 1.23 A within 10 fs. In contrast, the O—H
bond lengths in gaseous water and a broken H-bonded
environment remain essentially unchanged (~ 1 A) dur-
ing the 10-fs core-hole dynamics.

A core hole created by the X-ray emission leaves the
oxygen positively charged, creating a core hole with a
strongly attractive potential. Therefore, the electronic
structure promptly relaxes to its ground state well be-
fore the molecular structure can respond. Accordingly,
the three occupied states of excited oxygen transition
from the valence bands into the gap between the oxygen
2s and 2p bands of liquid water, as shown in Fig. 2(b).
Simultaneously, this positive core hole exerts extra re-
pulsive forces on the two covalently bonded hydrogen
atoms of the excited water molecule. As shown in Fig. 3,
the core-hole potential introduces additional rearrange-
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Fig. 3 Length of the covalent O-H bond of the excited
water molecule in the gas and liquid phases of water as a
function of time during the core-hole dynamics. The O-H
covalent bond does not elongate with time for gaseous wa-
ter. However, for liquid water, when the O—H covalent bond
is connected by a H-bond, its length is elongated and the
elongation is facilitated by the H-bond. In contrast, for an
O-H covalent bond without H-bonds, there is no significant
enlargement of the covalent bond length with time. This
indicates that the H-bonds significantly affect the core-hole
dynamics.

ment of the local molecular structure with a tendency
to dissociate the hydrogen atoms from the O—H covalent
bonds, which is the process captured by the core-hole
dynamics within 10 fs. Figure 3 also shows that the
core-hole potential has only a small influence on the hy-
drogen atoms without the H-bonds in gaseous water or
the broken H-bonded environment in liquid water,. How-
ever, the above tendency to dissociate protons has been
greatly facilitated by connected H-bonds, evidenced by
the fast elongation of the O—-H covalent bond when the
excited water molecule donates H-bonds to its nearby
water molecules. The elongation of the O-H covalent
bond affects the electronic structure, as captured by the
different DOS values of the excited water molecule in the
vapor and liquid phases, as shown in Fig. 2.

To study how the core-hole dynamics in different H-
bonded environments affects the XES spectra, we further
decomposed the spectra into different H-bonded envi-
ronments. Figures 4(a) and (b) display the XES for ex-
cited water molecules in liquid water with zero and two
donated H-bonds, denoted as 0D and 2D to represent
broken and intact H-bonded environments, respectively.
In addition, Figs. 5(a) and (b) illustrate the transition
amplitudes computed from the Fermi golden rule for ex-
cited water molecules in liquid water with 0D and 2D
H-bonded environments, respectively. We further con-
firm that different H-bonded environments for the ex-
cited water molecule in the liquid phase strongly affect
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the core-hole dynamics, resulting in substantially differ-
ent shapes in the spectra. The spectra of the excited wa-
ter in a broken H-bonded network (0D) of liquid water
show the least changes during the core-hole dynamics, as
shown in Fig. 4(a). Due to the slow core-hole dynamics,
the energy levels of the three defect-like states remain
almost intact. This is further evidenced by the three
very well localized and distinct orbitals with p-characters
in Fig. 4(c); these orbitals undergo negligible changes
from ¢t = 0 — 4 fs. Accordingly, the transition ampli-
tudes illustrated in Fig. 5(a) barely change with time.
Moreover, the transition amplitudes follow the relation
of 16y > 3a; > 1by, which is consistent with the peak
intensities in the XES spectra of liquid water.

The spectra from the intact H-bonded (2D) excited
water molecules show very different changes during the
core-hole dynamics, as illustrated in Fig. 4(b). The core
hole with a positive charge is screened during the core-
hole dynamics because of the rearrangement of surround-
ing water molecules, resulting in a less positive envi-
ronment. Consistently, the three energy levels of the
defect-like states within the gap of 2s and 2p bands of
liquid water also continue to increase as a function of
time. However, these three orbitals undergo different
changes. Firstly, the core-hole dynamics encourages hy-
bridization of the 1b; orbital of the excited oxygen and
the 1b, orbitals of the surrounding water molecules along
the elongation direction of the O-H covalent bond on
the excited water molecule, as shown in Fig. 4(d). The
hybridization decreases the transition amplitudes of the
spectra, as shown in Fig. 5(b). Meanwhile, Fig. 5(b)
further suggests that the resonant states on the neigh-
boring water molecules also increase the number of states
that contribute to the optical emission transitions. As a
result, the 1b; feature of the XES remains prominent
with slightly broadened spectral widths, as shown in
Fig. 4(b). Secondly, unlike the strong hybridization of
the 1b; state with the surrounding water molecules, the
3a; state on the excited water with a relatively lower
energy remains localized. The elongation of the O-H co-
valent bond stretches the 3a; orbital along the direction
of elongation. Consequently, the 3a; orbital becomes
more delocalized, resulting in a smaller transition ampli-
tude in Fig. 5(b) and a less prominent spectral feature
in Fig. 4(b). Thirdly, the 1bo state of the excited wa-
ter molecule has the lowest energy with an even more
localized orbital at t = 0 fs. Similar to that of the 3a;
state, the 1bs state is also stretched along the elongation
direction of the O—H covalent bond and becomes slightly
more delocalized. Therefore, the transition amplitudes
are slightly smaller, as shown in Fig. 5(b). Consistently,
a less prominent 1bs feature is observed in Fig. 4(b).

After separate discussions of the XES spectra of ex-
cited water molecules with 0D and 2D H-bonded envi-
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Fig. 4 XES (a, b) and orbital graphs (¢, d) of the excited water molecule in liquid water donating different numbers
of H-bonds at different times of the core-hole dynamics. Peaks in the spectra in (a) and corresponding orbitals in (c) are
essentially unchanged in the 10-fs core-hole dynamics for the excited water molecule that does not donate any H-bonds.
The spectral peaks in (b) become much weaker and broader at a longer time for water molecules donating two H-bonds.
Accordingly, the shapes of the corresponding orbitals in (d) significantly stretch and delocalize with time. The excited oxygen
atom is depicted in cyan and ground-state oxygen atoms are depicted in red; all hydrogen atoms are shown in white. The

H-bonds shown in (d) are highlighted in green.

ronments, we show the overall XES spectra from the two
environments in Fig 6. The XES peaks of the excited wa-
ter molecule embedded in an intact H-bonded environ-
ment (2D) are broader than gaseous water [Fig. 1(a))].
Moreover, the energy separation between the different
spectral peaks is smaller in the spectra of excited water
with 2D than that of water vapor. Both results high-
light the important effects of the H-bond network on the
XES spectra of liquid water. However, the excited water
molecules in an environment with broken H bonds (0D)
yield XES spectra that are roughly the same as those of
water vapor. The three spectral peaks are less broadened
compared to those of excited water molecules with 2D.
In our AIMD simulations, we find that the liquid water
structure has a slightly disordered tetrahedral H-bond

138204-6

network with about 9.375% broken H-bonds, which is
consistent with the neutron and X-ray diffraction exper-
iments. Therefore, we conclude that the overall com-
puted spectra are strongly affected by the H-bond net-
work, which results in the qualitative spectral differences
between the vapor and liquid phases of water. The qual-
itative consistency between the theory and experiments
also supports the near-tetrahedral H-bond network of
liquid water.

4 Summary

By using the AIMD simulations, we studied the XES
spectra of water and investigated its correlation with the

Huaze Shen, et al., Front. Phys. 13(1), 138204 (2018)
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Fig. 5 (a, b) The averaged intensities of transition matri-
ces with p-character of 1b2, 3a1, and 1b; orbitals for excited
water molecules donating zero and two H-bonds, respectively.
(c) The 1bi-like orbitals of a representative excited water
molecule donating two H-bonds at ¢t = 4 fs. Only one orbital
contributes to the p-character of 1b2 or 3a:. However, several
orbitals contribute to the 1b; p-character of the excited water
molecule at a longer time.
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Fig. 6 Computed XES spectra of water embedded in bro-
ken (0D) and intact (2D) H-bonded networks in liquid water.
The XES spectra of the water molecules in the broken H-
bonded environments have less broadened peaks than those
in the spectra of water molecules in the intact H-bonded en-
vironments.

H-bonds through the electronic structures. The calcu-
lated spectra reproduce the main features observed in the
experiments, which exhibit three peaks associated with
the three occupied orbitals of the excited water molecule.
Our study also showed that the spectra are very sensi-
tive to subtle changes in the local environment of the H-

Huaze Shen, et al., Front. Phys. 13(1), 138204 (2018)

bonds, especially the number of donating H-bonds. By
analyzing the core-hole-induced dynamics, we observed
that the dissociation process of O—H covalent bonds of
excited water molecule is fast in the presence of donat-
ing H-bonds. The dissociation process further affects the
electronic structure (e.g., shape of molecular orbitals and
DOS), which can be reflected in the spectra through the
core-hole dynamics. In conclusion, our results provide an
interpretation of the spectra in terms of the H-bonded
network in liquid water. The current simulation is qual-
itatively consistent with the experimental spectral fea-
tures. In future studies, more sophisticated and com-
putationally expensive approaches should be adopted to
model the XES of liquid water more accurately. For in-
stance, the Bethe—Salpeter equation can be used by also
considering the bound excitons in the electronic excited
states.
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